Serial modifications of Bottenstein and Sato' serum-free hormone-supplemented medium resulted in a new promising medium (1: 1 mixture of L15 and MCDB
several supplements) for culturing neonatal rat brain cells . This medium favored the morphological and biochemical differentiation of the neurons ,i ncluding particular types of cholinergic and cholinoceptive neurons , obtained enzymatically from the septum, preoptic area , and hypothalamus. On the other hand, the growth of non-neuronal cells was markedly suppressed in this medium . Therefore, their effects on the neurons are minimized in this culture . Effects of triiodothyronine (T3) and estradiol (E2) on the activities of choline acetyltransferase (ChAT) and acetylcholinesterase (AChE), synthetic and degradative enzymes for acetylcholine, respectively, were examined in this culture . The optimal concentrations of T3 and E2 for AChE activity were around 1nM and 10pM, respectively. However, E2 appeared to be somewhat inhibitory at higher concentrations.
Although the activity of ChAT was maximum around 10pM of E2, the ChAT activity increased as the concentration of T 3 wasi ncreased to 100nM.
The limbic system plays an important role in the brain by integrating its neuronal and endocrine functions (Knigge and Silverman, 1974) . However, its substantial complexity requires simplified model systems. The cell culture system is probably one of the more desirable systems (Robbins and Reichlin, 1982) . But, a high heterogeneity of dissociated cells and a general requirement of serum in culture prevent definitive examination (Barbin et al., 1984) . To overcome these problems it is necessary to develop a serum-free hormone-supplemented medium which provides a highly controlled and defined culture environment (Barnes and Sato, 1980) . Obviously, such a culture environment allows particular types of cells to survive selectively (Ham, 1984; Brunner et al., 1982) .
The proliferation , differentiation, and maturation of different neurons in the brain are markedly affected by their trophic and specifying factors (Varon and Adler, 1980) . The brain , central nervous system, differs from the peripheral nervous system and its early development is highly dependent on the supply of thyroid and steroid hormones during a critical period (Lauder, 1977; Dohler and Hancke, 1978 [3H] Acetyl-CoA (3H-AcCoA, 0.55Ci/mmole),
[3H] acetylcholine (3H-ACh, 2.6 Ci/mmole), and NCS were from Amersham International plc, Amersham, U.K.. N-Hydroxyethyl-4-(1-naphthylvinyl) pyridium bromide (NVP) was from Calbiochem-Behring, San Diego, CA. Progesterone (P), estradiol (E2), and testosterone (T) were from Steraloids Inc., Wilton, NH. Corticosterone (CS) was a gift from Teikoku Hormone Mfg. Co., Tokyo, Japan. Penicilline-G, streptomycin sulfate, bovine insulin, putrescine dihydrochioride, fatty acid-free bovine serum albumin (FAF-BSA), arachidonic acid (20: 4 (n-6)), docosahexaenoic acid (22: 6 (n-3)), triiodothyronine (T3), thyroxine (T4), poly-L-lysine hydrobromide (MW 180,000), bovine trypsin, soybean trypsin inhibitor, bovine deoxyribonuclease I (DNase), acetyl coenzyme A (AcCoA), neostigmine bromide, acetylcholine chloride (ACh), and tetraisopropyl pyrophosphoramide (iso-OMPA) were from Sigma, St. Louis, MO.
Culture media and substratum
The culture media employed are follows. CMF-PBS: Culcium and magnesium-free Dulbecco's phosphate-buffered saline. G-CMF-PBS: CMF-PBS containing 5.6mM D-gulcose. SFHS-L15 MCDB 104: 1: 1 mixture of L15 and MCDB 104 containing 25mM N-2-hydroxyethylpipera- so as to dissociate the cells completely. The second modification in cell plating was made (1) by precoating culture dishes with polylysine so as to attach them rapidly to the dishes before their reaggregation, (2) by seeding them at a higher density so as to satisfy the requirements of neurotrophic factors by their mutual supply, and (3) by preincubating them in a serum-supplemented medium transiently so as to make them survive during plating. The third modification in culture medium was made (1) by replacing DME, bicarbonate-buffered medium, with L15, amino acid-buffered medium, so as to culture them in an atmosphare of low carbon dioxide, and (2) by replacing F12 with MCDB104, one of the advanced media of F12 origin for serum-free culture, so as to improve our medium further. The fourth modification in medium supplements was made; (1) by adding HEPES, one of the synthetic buffers, so as to reduce a pH shift, (2) by adding CS at a higher concentration so as to minimize the effects of a possible medium unbalance, and (3) by adding polyunsaturated fatty acids so as to restore a deficiency caused by the serumfree culture. The last modification in the incubation atmosphere was made by altering the atmosphere from 5% CO2/95% air to 100% air so as to inhibit the growth of non-neuronal cells. Our cells were grown well under these modified culture conditions for at least 2 weeks. However, the number of cells in our cultures decreased progressively during this period. As shown in Fig.  2 , this decrease was more rapid for the first several days and then slowed down around day 8, but this stay was not sustained for long. The survival of these cells was considerably improved by supplementing T4. The major components of the cells in our cultures were neurons of various types, judging from their cellular appearance. These neurons were classified as bipolar, tripolar, and other multipolar types, as shown in Figs. 1C and D. The number of glial cells in our medium was much lower than that in the N2-medium of Bottenstein and Sato (1979) (Fig. 1A) and that in the N2-medium containing 10% serum (Fig. 13 ).
ChAT and AChE assays The simple scraping of our cultured cells with a rubber policeman resulted in a very low recovery, after which we detached them from the dishes by trypsinizing.
The reactions catalyzed by ChAT and AChE were linear at least for 5 and 30min, respectively. The proportions of radioactive substrates converted to the products were less than 7% and less than 2%, respectively.
ChAT is unstable at a low protein concentration. concentration of T3 in the range 0 to 100 nM (p<0.01). There was no maximum activity of ChAT in the present experimental range of T3 concentrations(up to 100nM).The activity of ChAT was relatively low up to 1 nM of T3, and then increased markedly from 1 to 100nM of T3. Our results on ChAT response to T3 agreed well to those of Honegger and Lenoir (1980) on the aggregate culture of fetal rat brain cells in serum-free medium. As shown in Fig. 3 , the activity of ChAT also showed a tendency to increase with the increase in the concentration of E2 in the range 0 to 100pM, though statistically not significantly (p<0.2).
ChAT showed maximum activity around 10pM of E2. Above this concentration, E2 somewhat inhibited ChAT activity.
Effects of T3 and E2 on AChE activity in culture
The effects of T3 and E2, added to the medium, on the activity of AChE were also examined on day 8. As shown in Fig. 4 , the activities of AChE showed a highly significant concentration-dependent response to T3 (p<0.001).
E2 also showed a similar effect (p<0.1). The optimal concentrations of T3 and E2 for AChE activity were about 1nM and 10pM, respectively. The responses of AChE activity to T3 and E2 were apparently different. The effect of E2, at the higher concentration, on AChE activity was more inhibitory than that of T3, because the level of AChE activity at 100pM of E2 was below that of the control.
Discussion
In the present experiment we succeeded in preparing a promising new medium which allows the growth of neuronal cells and minimizes the survival of non-neuronal cells.
Dissociated cells obtained from tissue reaggregate easily and their functions are influenced by this aggregation. In contrast with the mechanically incomplete dissociation of cells, enzymatic digestion of tissue resulted in an effective dissociation. These dissociated cells on a poorly adhessive substratum, however, are apt to reaggregate, causing subsequent proliferation of nonneuronal cells (Adler et al., 1982) . Hence, we precoated our culture dishes with polylysine to improve adhesion. The proliferation of non-neuronal cells was certainly suppressed through the complete cell dissociation and by the high adhesion culture dishes precoated with polylysine. A higher concentration of oxygen is reported to stimulate the growth of epithelial cells, but it strongly inhibits the growth of fibroblasts in cultures (Taylor and Camalier, 1982; Taylor et al., 1974) . On the other hand, carbon dioxide which can be converted to bicarbonate by carbonic anhydrase (CA) stimulates the growth of non-neuronal cells in culture, and CA activity associates mostly with them and increases with their muturaton. It seems likely that the depletion or reduction of carbon dioxide from the culture atmosphere suppresses the growth of non-neuronal cells. We therefore decided to eliminate carbon dioxide from the incubation atmosphere.
Since serum has a strong buffering capacity, the stabilization of pH becomes essential, especially in the serum-free culture. Many types of bicarbonate-buffered media are generally used in a carbon dioxidesupplemented atmosphere, while only few types of media can be used without carbon dioxide.
Leibovitz's L15 is one such medium and also one of the best alternatives as a serum-free hormone-supplemented medium (Skaper et al., 1984) . We therefore replaced DME with L15, which was supplemented further with HEPES. F12 has been designed as a medium for cell lines and becomes somewhat out of date compared with subsequent advanced ones in the MCDB series. We then replaced F12 with one of the MCDB series which is a medium for a more advanced serum-free culture and designed for normal cells. Among the MCDB series, MCDB153 is designed for keratinocytes, while MCDB104 is designed for fibroblasts. From the ontogenic point of view, neurons have the same ectodermal origin as keratinocytes.
MCDB153 must therefore be a preferred alternative to 12, but it can not be obtained commercially. This is why we used MCDB104 instead of MCDB153 (McKeehan et al., 1977) . MCDB104 contains trace elements which are rich in serum and sometimes required in the serum-free culture. Whether or not all the ingredients of these media and all components of N2 are required remains to be studied (Selak et al., 1983; Bottenstein et al., 1980) . Therefore, we added CS to our medium at a concentration of 100nM to minimize the effects of the possibly unbalanced nature of the present medium (Ham, 1984) . This concentration of CS is nearly the same as the serum level at the time of birth.
Neuronal membrane is rich in polyunsaturated fatty acid and certain types of these fatty acids are apt to be defficient in the serum-free culture (Bourre et al., 1983 Bourre et al. (1983) .
When seeded at a high density in culture, the survival of brain cells can be supported by their own intrinsic supply of unknown neurotrophic factors (Barbin et al., 1984) . We seeded our cells at such a high density. The preincubation requirement of our cells in a serum-containing medium (plating medium) agrees well with those of Bottenstein et al. (1980) and FaivreBauman et al. (1981) , yet we tried to shorten its incubation time (less than 3 hours), for serum has an ability to induce a cholinergic di Terentiation in neurons, even though they might be exposed to it only briefly (Higgins et al., 1984) . The possibility of such induction seems unlikely in our cultures, because our incubation time is too short to allow induction to occur (Higgins et al., 1984) and the ChAT activity in our cultures is significantly low in comparison with that of Faivre-Bauman et al. (1981) . In comparison with enzymatic harvesting by trypsin, mechanical harvesting by scraper (Faivre-Bauman et al., 1981) may be disruptive of cells to release their cytosolic enzymes (Sorimach and Yasumura, 1983 ). The direct cell-to-substratum contact of our cells thus requires enzymatic harvesting for a higher recovery of our cultured cells. Since ChAT, as compared with AChE, is highly unstable, we homogenized cells for ChAT in buffer containing 20% glycerol (Rossier, 1976) . A relatively high proportion of NVP-insensitive ChAT activity might be, in part, due to the presence of a NVPinsensitive form and also to its preferential perikaryal localization (Benishin and Carroll, 1983) , because the axonal outgrowth of our cells is not so extensive as in vivo. On the contrary, the relatively low propoi tion of our iso-OMPA-sensitive AChE activity probably associates with a low population of non-neuronal cells, since cholinesterase (ChE) is sensitive to iso-OMPA and localized mainly in non-neuronal cells (Hanson et al., 1982) . The activities of ChAT and AChE in our monolayer culture, as compared with those in the aggregate culture, are markedly low, probably owing to the elimination of cell-to-cell contact or to a microenvironment formed within aggregates. This may be the case especially with ChAT, because of its high dependency on the presence of nonneuronal cells (Seeds, 1971; Wilson et al., 1972) . Serum has a long lasting effect on cholinergic induction in sympathetic neurons, even though exposed briefly (Higgins et al., 1984) . Although the culture conditions of Faivre-Eauman at al. (1981) are similar to ours in both cell density at seeding and medium composition, their ChAT activity is still about 35 times as high as ours.
The reason for this difference lies probably in the presence of serum, even in a residual amount, during the first 4 days and the extensive cell layer of non-neuronal cells in their cultures.
Our cells are derived from the septum, preoptic area, and hypothalamus, in which both cholinergic and cholinoceptive neurons are localized in several nuclei or areas. The reason why this region was chosen in this experiment is its prominent role in the limbic system in the brain and also in our major interest in its relationship to the neuroendocrine functions. The T3 or E2-sensitive portion in the total ChAT and AChE activities in our cells is small, probably due to the minor population of T3 or E2 target cells in the total neurons.
The profound effect of thyroid hormones on the early development of the brain is well known.
The stimulatory effect of T3 on AChE in our cultures is maximum around 1 nM of T3. The ratio of this T3 concentration to its receptor Kd (0.4-0.6nM) becomes about 1 which would be a reasonable value (Valcan and Timiras, 1978) , because it is present within an expected physiological range.
On the contrary, we could not find any optimal concentration of T3 for ChAT under our experimental conditions (up to 100nM of T3). Its activity increases with the increase in the T3 concentration. Honegger and Lenoir (1980) showed a similar response of ChAT to T3 in their aggregate cultures of fetal rat brain cells, especially of telencephalic origin, in a serum-free hormonesupplemented medium. Several possible explanations could be offered for this finding. First and less likely, it could possibly be assumed that there is contribution of carnitine acetyltransferase (CnAT) to ChAT activities in our cultures, since CnAT activity is high around 10 days of age (Morris and Carey, 1983) and not sensitive to NYP (White and Wu, 1973) . Second and more likely, a close association may be assumed between the morphological muturation of cholinergic neurons and the development of its enzymes, especially ChAT, both of which might be controlled together by thyroid hormones in the early development of the brain (Coyle, 1977; Nunez, 1984; Pumirat et al., 1983; Romijn et al., 1982; Mashio et al., 1982) . Nerve growth factor (NGF) stimulates irreversibly ChAT and AChE activities in a similar serum-free culture as reported in another paper by Hoegger and Lenoir (1982) , while the content of NGF in the brain is increased by thyroid hormones (Walker et al., 1979) . From these findings, it can be speculated that thyroid hormones stimulate the production of NGF or NGFlike substances, followed by an NGF-dependent irreversible enhancement of ChAT activity in cholinergic neurons in the brain. It is also well known that the sexual differentiation of the neonatal brain is highly dependent on its hormonal environments such as gonadal steroid hormones during a critical period in the early development of the brain.
Undoubtedly, these gonadal steroid hormone-sensitive neurons are only a small group in the brain and their hormonal requirements change specifically with area and age. It has been reported that a low concentration of E2 is stimulatory, while higher concentrations are inhibitory (Dohler and Hancke, 1978) . Thus, its overall effect results in an optimal concentration of E2 which is near 10pM for both ChAT and AChE. The high activities of ChAT and AChE in females than in males can be explained, in part, by this inhibitory effect of a higher concentration of E2 on ChAT and especially AChE activities (Libertun et al., 1973; Luine and McWeen, 1983) . We also observed the E2-insensitive portion of ChAT and AChE activities.
Since CS stimulates ChAT and AChE activities (Vernadakis, 1971) , these E2-insensitive activities of ChAT and AChE are probably due to these CS stimulatory effects. Moreover, CS can stimulate the morphological maturation of neurons similarly to thyroid hormones and also synergistically (Romijn et al., 1982) . This also may contribute to that E2-insensitiveness.
The present preliminary observations of the effects of T3 and E2 proved that our new culture system provided a useful tool for the clarification of hormonal actions on the differentiation of the neurons and the interactions among the various types of cells in the limbic region.
